With broad spectral coverage and high spatial and temporal resolutions, satellite sensors can provide the data needed for the analysis of spatial and temporal variations of climate parameters in data-sparse regions such as the Arctic and Antarctic. The newly available Advanced Very High Resolution Radiometer (AVHRR) Polar Pathfinder (APP) dataset was used to retrieve cloud fraction, cloud optical depth, cloud particle phase and size, cloud-top pressure and temperature, surface skin temperature, surface broadband albedo, radiative fluxes, and cloud forcing over the Arctic Ocean and surrounding landmasses for the 18-yr period from 1982 to 1999. In the Arctic, Greenland is the coldest region with the highest surface albedo, while northeastern Russia has the highest surface temperature in summer. Arctic annual mean cloud coverage is about 70%, with the largest cloudiness occurring in September and the lowest cloudiness occurring in April. On annual average, Arctic cloud visible optical depth is about 5-6. Arctic precipitable water is near 0.2 cm in winter and 1.5 cm in summer. The largest downwelling shortwave radiative flux at the surface occurs in June; the largest upwelling shortwave radiative flux occurs in May. The largest downwelling and upwelling longwave radiative fluxes as well as the net all-wave radiative flux occur in July, with the largest loss of longwave radiation from the surface in April.
Introduction
The Arctic Ocean and its surrounding seas occupy an area of about 14 million km 2 , most of which is ice covered in late winter. Many of the adjacent landmasses are low lying, which facilitate airmass exchanges with lower latitudes, except for the Greenland ice sheet, the ice-covered mountains of Ellesmere and Axel Heiberg islands in Canada, and the mountain ranges in Alaska and northeastern Siberia. The pack ice in the Arctic is a mixture of young and old floes that are highly variable in thickness and extent as a result of growth and decay along with ice dynamics. The interannual fluctuations and long-term trends in ice thickness and extent have important effects not only on Arctic climate but also on global climate change through complex feedback mechanisms.
It is well known that the global atmospheric circulation is basically driven by the equator-to-pole gradient between the low-latitude heat source and the polar heat sink (Barry et al. 1993) . Numerous modeling studies have shown that the Arctic is one of the most sensitive regions on earth to global climate change (Manabe et al. 1992; Manabe and Stouffer 1994; Miller and Russell 2000; Meehl and Washington 1990) due to the positive feedback between surface temperature, surface albedo, and ice extent, known as the ice-albedo feedback (Curry et al. 1996) . This theory has been confirmed by observational evidence, though records of Arctic climate change are brief and geographically sparse.
Currently, there are three major satellite-derived, multidecadal datasets that can be used to study the atmospheric characteristics of polar climate: the Advanced Very High Resolution Radiometer (AVHRR) Polar Pathfinder (APP; Fowler et al. 2000; Meier et al. 1997) , the Television Infrared Observation Satellite (TIROS) Operational Vertical Sounder Polar Pathfinder (TOVS Path-P) , and the International Satellite Cloud Climatology Project (ISCCP) cloud dataset . In addition, there are sea ice extent and snowmelt onset products derived from satellite passive-microwave multisensor data that provide a record of sufficient length for studying recent climate change (Cavalieri et al. 1999; Drobot and Anderson 2001) . Each of these datasets covers a period of approximately 20 yr starting in the late 1970s. The standard APP dataset has clearsky surface properties retrieved from satellite data with cloud mask information, the TOVS Path-P is made up of atmospheric temperature and humidity profiles, and the ISCCP dataset is the earliest satellite-based, longterm global dataset.
The purpose of this paper is to draw a more complete picture of Arctic climate by describing the temporal and spatial distributions of the climate components. First-and second-order statistics will be given for the surface, cloud, and radiation properties for the Arctic as a whole and for 18 subregions, by season and in the annual mean. Recent Arctic climate trends are discussed in Part II of this two-part paper (Wang and Key 2005) .
Datasets, retrieved products, and validations
The primary dataset used in this study is a product of the APP project Meier et al. 1997) . The APP dataset consists of twice-daily composites at a 5 ϫ 5 km 2 pixel size over the period 1982-99. Key et al. (1997) investigated uncertainties of satellite-derived surface and cloud properties and surface radiation budget at the high latitudes and arrived at the conclusion that the accuracy in estimating radiation budgets from satellites is appropriate for a wide range of process studies at monthly time scales. The consistency of the products from different satellites over the period of 1982-99 was investigated by Wang and Key (2003) , and they found no observable bias
The APP dataset was extended (hereinafter APP-x) for this study to include the retrievals of cloud fraction, cloud optical depth, cloud particle phase and size, cloud-top temperature and pressure, surface skin temperature, surface broadband albedo, and radiative fluxes, as well as cloud radiative effects ("cloud forcing"). For computational consideration, the original 5-km APP data were subsampled to 25 km by picking up the central pixel in a 5 ϫ 5 pixel box. Retrievals were done with the Cloud and Surface Parameter Retrieval (CASPR) system (Key 2002a; , which was specifically designed for polar AVHRR daytime and nighttime data. All parameters are retrieved at all times, day or night. Radiative fluxes are calculated in CASPR using FluxNet (Key and Schweiger 1998) , which is a neutral network version of a radiation transfer model called Streamer (Key 2002b) . The atmospheric profiles of temperature and humidity from the National Centers for Environmental PredictionNational Center for Atmospheric Research (NCEP-NCAR) reanalysis dataset provided by the National Oceanic and Atmospheric Administration-Cooperative Institute for Research in Environmental Sciences (NOAA-CIRES) Climate Diagnostics Center in Boulder, Colorado, and the ISCCP Climatological Summary Product (D2) ozone dataset provided by the National Aeronautics and Space Administration (NASA) Langley Research Center were also used in CASPR retrieval process.
The daily APP-x composites are centered on a local solar time (LST) of 14:00 (high sun, but could be nighttime for some Arctic regions in winter). Approximately 90% of the pixels in each composite image are within 1 h of the target time; the largest time difference is 2 h before or after that target time. The Arctic region north of 60°N is of primary interest (Fig. 1 ). Figure 1 also shows the subregions for which results will be reported individually.
The extended products have been validated with the data collected during the Surface Heat Balance of the Arctic Ocean (SHEBA) field experiment in the western Arctic (Maslanik et al. 2001; Stroeve et al. 2001) , and with the data from two Antarctic meteorological stations: South Pole and Neumayer (Pavolonis and Key 2003) . The APP-x dataset was primarily compared with SHEBA ship measurements for the purpose of error estimation by averaging APP-x 5 ϫ 5 pixel boxes (25 ϫ 25 km 2 ) centered on the SHEBA ship site. The SHEBA year started in the fall of 1997 and continued through the early fall of 1998. Table 1 gives satellite-derived quantities and the SHEBA ship measurements based on the averages of both local solar times of 14:00 and 04:00 over the period of 1997-98 for the surface skin temperature, surface broadband albedo, radiative fluxes, and cloud fraction.
Clouds are a very important component of the Arctic climate system (Wang and Key 2003) . They affect Arctic climate by interacting with the atmosphere and highly reflective underlying surface through the absorption, emission, and scattering of radiation. Cloud detection and property estimation play a crucial role in the AVHRR retrievals of other climate parameters. Figure  2 shows an annual cycle of the total cloud fraction (cloud amount) based on the surface observations (Hahn 1995) , the ISCCP D2 dataset, the TOVS Path-P dataset , and the APP-x dataset. The APP-x data in Fig. 2 were averaged over the period of 1982-91 from both local solar times of 14:00 and 04:00 for the comparisons with other studies. The surface-based climatology does not include clear-sky ice crystal precipitation. These low-level ice crystal clouds occur in winter about 20%-50% of the time and are often thick enough to have a significant radiative effect (Curry and Ebert 1992; Curry et al. 1996) , which should be considered in satellite retrievals of other Arctic climate parameters. Overall, the APP-x dataset provides the best cloud fraction estimation among the other satellite retrievals regarding the comparisons and literature study.
Regarding cloud microphysical properties, Key and Intrieri (2000) reported that overall satellite retrievals of cloud particle phase have an accuracy of approximately 95% based on the comparison with the Depolarization and Backscatter Unattended Lidar (DABUL) observations during SHEBA. However, mixed-phase and multilayer clouds could not be identified in that study, so the overall accuracy will be less. Cloud particle size retrievals have not been examined in detail because of the lack of in situ measurements. Some comparisons have been done with aircraft observations during SHEBA, particularly with the Canadian National Research Council (NRC) Convair as reported by Gultepe et al. (2004) . They showed that differences in the cloud particle effective radius between AVHRRderived and aircraft observations are typically within 1-2 m for water cloud-effective radii in the 8-10 m range. For ice clouds, the differences are larger, on the order of 10 m for particles with effective radii in the range of 30-100 m.
Arctic climate characteristics

a. Surface skin temperature
Surface skin temperature is a key climate parameter that encapsulates characteristics of a climate system. Surface air temperature has been recorded for decades at land-based and drifting ice meteorological stations, and a long time series over the Arctic Ocean is available in a recently compiled dataset based on Russian "North Pole" (NP) drifting station records, buoy measurements from the International Arctic Buoy Program (IABP), and coastal station observations (Martin et al. 1997; Martin and Munoz 1997) . Serreze et al. (2000) pointed out that temperature trends derived from this dataset should be viewed cautiously because of the consistency problem in different data sources and instrument errors in different conditions. While a valuable source of information, the in situ data do not provide spatial details that can be obtained from satellite data. Figure 3a shows the annual cycle of the APP-x surface skin temperatures averaged over 1982-99 for six Arctic regions: the Arctic region north of 60°N, the Arctic Ocean north of 60°N, the Arctic landmasses north of 60°N, Greenland, the North Pole, and the Greenland-Iceland-Norwegian (GIN) Seas. The entire Arctic region north of 60°N is divided into 18 subregions for a detailed study of those subregions (Groves and Francis 2002) . The retrieved all-sky surface skin temperature on a local solar time of 14:00 should be close to the daily maximum surface temperature. The surface temperature reaches a maximum value of about 10°C in July and a minimum value of -25°C in January. For the Arctic Ocean, the surface temperature is close to the freezing point (0°C) in July and about -19°C in January. For the Arctic landmasses including Greenland, the surface temperature reaches about 19°C in July as a maximum and reaches a minimum of -32°C in January. On an annual scale, the surface temperature range is the largest over the landmasses and the smallest in the Arctic Ocean as a result of large heat capacity of water. Figure 4 shows the spatial distribution of the annual mean surface temperature. Central Greenland has the lowest surface temperature, as low as -30°C, and the Arctic Ocean and coastal areas are colder than the landmasses. In winter the surface temperature of the Arctic Ocean is overall higher than that of the Arctic surrounding landmasses, but Greenland still has the lowest surface temperature, as low as -45°C (not shown). In summer the surface temperature of the Arctic Ocean is lower than that of the Arctic surrounding landmasses, with Greenland once again exhibiting the lowest temperature (-10°C).
The seasonal values of the 18 parameters averaged over the period 1982-99 are listed in Table 2 physical meanings of the 18 parameters are listed in Table 4 .
b. Surface broadband albedo
In situ measurements of surface broadband albedo are sparse, particularly over the Arctic Ocean. Most studies report results for individual stations or as regional results (cf. Serreze et al. 1998) . Satellite data therefore play an important role in assessing the climatology of this parameter. Surface reflectance can be specified as "inherent" albedo or "apparent" albedo. The inherent albedo is the "true," no-atmosphere, or "black-sky" albedo of the surface, which is independent of the changes in the atmospheric conditions. The ap- parent albedo is what would be measured by up-and down-looking radiometers and varies with the atmospheric conditions. Both vary with solar zenith angle and are directional in that regard. The APP-x dataset provides the directional-hemispheric apparent albedo.
Unlike the surface temperature, there are two peaks in the annual cycle of the surface albedo for the Arctic region north of 60°N: one in the early spring (about 60%) and the other in autumn (about 35%) as shown in Fig. 3b . The relatively low wintertime albedo corresponds to the low-latitude regions with less snow/ice coverage, because the dark, high-latitude areas are excluded from the statistics. The autumn peak is due to freeze-up, but more open water areas in autumn result in a lower albedo than in spring. Over the Arctic Ocean, the spring maximum surface albedo is about 60%, but the autumn second maximum albedo is only about 23%. For the Arctic landmasses north of 60°N, the autumn second maximum albedo is much higher than that for the Arctic seas and the entire Arctic region, with a value of approximately 45%. The Arctic annual mean surface albedo has a spatial distribution similar to surface temperature. The largest surface albedo is always in Greenland with a maximum value of as large as 90% throughout all seasons.
c. Cloud microphysical properties
Clouds affect climate by interacting with the atmosphere and underlying surface through the absorption, emission, and scattering of radiation (Curry et al. 1996) .
Our knowledge of the spatial distribution of the Arctic clouds is based on a sparse record of the surface observations. Hahn (1995) reprocessed surface-based cloud fraction and corrected it for the biases introduced by darkness and fog for the period of 1982-91 for the Arctic region north of 80°N. Schweiger et al. (1999) used the NP drifting station data, a surface-based climatology, the ISCCP cloud product, and the TOVS Path-P data to assess similarities and differences in cloud cover datasets. Except for limited field experiments such as SHEBA, there are no datasets of cloud microphysical properties.
1) CLOUD FRACTION
Cloud cover (cloud fraction) is defined as a percentage (proportion) of the sky covered by clouds. In the case of multilayer clouds, surface observations can only reflect low-layer cloudiness, though in the case of thin and low clouds, high cloud amount may be reported. For satellite observations of multilayered clouds, high clouds are observed most readily and low clouds are detected only when high clouds are thin. Figure 5a shows that in an annual cycle over the entire Arctic, cloud cover is at its maximum in summer (75%). Wintertime cloud fraction is about 65%, and the least cloud coverage time of a year is spring, with an April value of about 55%. The similar temporal pattern of cloudiness also occurs for the Arctic Ocean and landmasses. The reasons why there are more clouds in summer than in winter were discussed by Curry et al. (1996) and Beeley and Moritz (1999) . They noted that clearsky ice crystal precipitation is a key factor causing lower cloudiness in winter due to the temperature-dependent formation, precipitation of the atmospheric ice, and low atmospheric humidity. But the reason for the lowest cloudiness in the transition seasons is unknown. Spatially, the largest annual mean cloud cover occurs in the GIN and Barents Seas with a value of approxi- FIG. 5 . Annual cycles of (a) cloud fraction, (b) cloud-top temperature, (c) cloud-top pressure, (d) cloud optical depth, (e) cloud particle phase, and (f) cloud particle effective radius for six Arctic regions averaged over the period 1982-99 on a local solar time of 14:00. mately 80%, and the lowest cloud cover occurs in central Greenland with a value of about 45%. The central Arctic Ocean has a cloud fraction of about 70%, and the landmasses have a cloud fraction of about 60%. In winter the cloud fraction over the GIN Seas tends to be greater than the annual average, reaching about 85%. Northern Canada and Siberia tend to have the lowest cloud coverage of about 45%, and the cloud fraction over Greenland is around 50%. In summer the largest cloud coverage occurs over the central Arctic rather than the GIN Seas, and the Arctic landmasses gain about 20% (absolute) more cloudiness than in winter. In spring, cloudiness over Greenland decreases to 30% from 50% in winter, and there is a 10% decrease of cloudiness over most of the central Arctic region, northern Canada archipelago, and Siberia. The spatial pattern of the cloudiness in autumn is similar to the annual mean pattern.
2) CLOUD-TOP TEMPERATURE AND PRESSURE
Cloud-top temperature from satellite refers to cloudradiating temperature and corresponds to the temperature somewhere beneath cloud top, generally within an optical depth of 1 from cloud top. Not surprisingly, the annual cycle of the cloud temperature follows the surface temperature pattern, though different in magnitude. The cloud-top temperature is uniformly lower than the surface temperature in all seasons over the entire Arctic region, the Arctic Ocean, and the Arctic landmasses poleward of 60°N. In winter the Arctic cloud temperature is generally 5°C lower than the surface temperature, but in summer the temperature difference can be as large as 20°C. The difference between the cloud temperature and the surface temperature is about 10°C for the Arctic Ocean all the year round, while for the Arctic landmasses the difference is much larger in summer (up to ϳ30°C) than in winter (ϳ1°-2°C)as shown in Fig. 3a and Fig. 5b . Regardless of the season Greenland always has the lowest cloud temperature, with an annual mean of about -25°C, and most of the other Arctic regions have cloud temperatures of about -20°C, except the GIN Seas where the cloud temperature averages about -15°C. The cloud temperature is generally 10°C lower in winter than the annual mean, about the same in spring and autumn, and 10°C higher in summer (not shown).
Cloud-top pressure is, of course, directly related to cloud temperature and therefore has a similar cycle. Figure 5c shows that there are more high clouds in winter than in summer, and spring has more low clouds than other seasons. Clouds over the landmasses tend to be higher than those over the Arctic Ocean except in spring when the altitudes are similar, around 700 hPa.
Spatially, clouds over Greenland are the highest by virtue of its elevation. Temporally, summertime clouds over Greenland tend to be lower than at other times of a year.
3) CLOUD OPTICAL DEPTH Cloud visible, vertical optical depth is a measure of the cumulative depletion of shortwave radiation as it passes through the cloud. It can be calculated as
where ␤ is cloud volume extinction coefficient, is radiation wavelength, is scattering angle, z is the altitude within the cloud, and the integration is from cloud base Z base to the top Z top . Optical depth is proportional to cloud physical thickness and is a function of cloud particle phase and size distribution. Cloud transmissivity is exponentially related to cloud optical depth, where an optical depth of 1 implies a transmissivity of 0.37. Unfortunately, cloud optical and microphysical properties are difficult to measure remotely, and there are no long-term datasets of these parameters. As shown in Fig. 5d , cloud optical depth over the entire Arctic and the Arctic landmasses is the largest in transition seasons, that is, March and October when the cloud fraction is minimum, which may be related to more cyclone activity at those times (Key and Chan 1999) . For the Arctic Ocean, the maximum cloud optical depth (thicker clouds) shifts to May. However, it should be noted that cloud optical depth retrievals have the highest uncertainty over bright surfaces at low sun angles, the predominant conditions during spring and fall. Less water vapor in the atmosphere, cold underlying surface, and more ice clouds produce the minimum cloud optical depth in winter.
Clouds are thicker in the GIN and Barents Seas and poleward to the North Pole on an annual time scale (not shown) than other regions. The thickest clouds occur in the east part of Greenland with values of about 8 to 9 (transmissivities of 0.000 12 to 0.000 34). Those regions with thicker clouds are associated with water vapor inflow through the GIN Seas from the North Atlantic. The spatial distribution patterns of cloud optical depth in the Arctic are variable both in season and in magnitude.
It should be noted that the daytime and nighttime algorithms for cloud optical depth, effective radius, and thermodynamic phase are conceptually similar but spectrally different. One difference is that the nighttime algorithm has an upper limit in optical depth of about 15-20, so optical depths larger than 15 are assigned this maximum value. Unfortunately, determining how consistent the daytime and nighttime algorithms are is not straightforward because one channel used by both algorithms (3.7 microns) is used in a very different way in the presence of sunlight. Further validation with in situ data is needed.
4) CLOUD PARTICLE PHASE AND EFFECTIVE
RADIUS
In the APP-x retrievals, all clouds are composed of either liquid droplets ("water cloud") or solid ice crystals ("ice cloud"). Cloud optical properties are closely related to cloud particle phase, shape (for ice), and size distribution. Cloud particle effective radius R e for liquid droplets is a ratio of the third to second moments of cloud drop size distribution N(r)
where n(r, z) is the size distribution at the altitude z.
Ice crystal optical properties are based on the parameterization of Key et al. (2002) . The effective radius is half of the effective size, defined as
where L is the maximum dimension of an ice crystal, n(L) is the number of particles with maximum dimension L in the size distribution, ⌬L is the width of a size bin, and V and A are the volume and total projected area of the ice crystals, respectively. Over the annual cycle, about 70% of the clouds are in solid ice phase over the entire Arctic region in winter, while in summer liquid clouds make up about 70% of the clouds (Fig. 5e) . In general, ice clouds tend to have larger particles than liquid clouds; thus it should be no surprise to see that the annual fluctuation of cloud particle effective radius follows the curve of cloud particle phase (Fig. 5f ). It is worth pointing out that over the Arctic Ocean the minimum cloud particle sizes occur in late spring (May) in correspondence with the highest frequency of liquid clouds rather than in summer when the landmasses have the most liquid clouds. Most ice clouds and maximum cloud particle sizes do not occur in the coldest month but rather in early spring (March) over the Arctic Ocean.
As expected, Greenland has much more ice clouds and larger cloud particle sizes than other Arctic regions on annual average. In winter more ice clouds occur over the Arctic landmasses than the Arctic Ocean, with the particle sizes as large as 30 m. Summertime clouds are predominantly liquid and are equally distributed over the landmass and ocean regions with the average particle size of 10 m.
d. Precipitable water
In this study, precipitable water (PW) data were obtained directly from the NCEP-NCAR reanalysis with spatial resolution of 2.5°ϫ 2.5°latitude-longitude and were interpolated to APP-x 25 ϫ 25 km 2 spatial resolution grid. The annual cycle of PW follows the surface temperature, that is, the largest PW (ϳ1.5 cm) occurs in summer and the lowest PW (ϳ0.2 cm) in winter (Fig. 6) . Precipitable water is the lowest over Greenland all year round with an annual mean value of about 0.2 cm, and the GIN Seas have the largest PW (ϳ1.0 cm) due to moisture transport from the North Atlantic.
e. Radiation
Very few studies have been performed on the Arctic surface radiation field. Serreze et al. (1998) studied monthly climatology of the global radiation (downwelling solar radiation) for the Arctic with the measurements from the Russian North Pole series of drifting stations, the United States drifting stations "T-3," and "Arlis II" land stations. This section will discuss the radiation fields across the Arctic from the APP-x dataset. FIG. 6 . Same as in Fig. 3 , but for PW. Figure 7 shows the annual cycle of downwelling shortwave and longwave radiative fluxes at the surface on a local solar time of 14:00. As expected, the largest downwelling shortwave radiative flux occurs in June, while the largest downwelling and upwelling longwave radiative fluxes (not shown) as well as the net all-wave radiative flux occur one month later, that is, in July. Another feature is that the largest upwelling shortwave flux (not shown) occurs in May rather than in June because relatively higher surface albedo in May reflects more downwelling shortwave radiation than that in June, though the larger downwelling shortwave radiation occurs in June.
Regarding the net shortwave, net longwave, and net all-wave radiative fluxes at the surface, one feature is that the largest loss of the longwave radiative energy from the surface occurs in April, corresponding to the lowest cloud fraction and hence the lowest downwelling longwave flux at that time. The net all-wave radiation follows the net shortwave radiation, though lower in magnitude. For the landmasses, the greatest loss of longwave radiation is in July due to the high surface temperature.
The spatial distribution of the annual mean net allwave radiative fluxes at the surface (not shown) exhibits minimum net radiative fluxes in the central Arctic Ocean and Greenland. For the net longwave radiative fluxes at the surface, the loss of the longwave radiation to the atmosphere is mainly from the Arctic landmasses, as shown in Fig. 8 .
The annual cycle of the net shortwave, longwave, and all-wave radiative fluxes at the top of the atmosphere (TOA) is shown in Fig. 9 . As expected, the earthatmosphere system gains radiative energy in summer and loses radiative energy in winter. On annual average, the Arctic region north of about 70°N loses radiative energy to space, acting as a heat sink.
f. Cloud radiative effect
Clouds attenuate sunlight, causing a decrease in the downwelling shortwave radiation at the surface during the daytime. Clouds also emit infrared radiation to the surface, resulting in a greater downwelling longwave flux than in clear conditions. Therefore clouds have a cooling effect on the surface in the shortwave, but a warming effect in terms of infrared radiation. Overall the effect of clouds on the radiation budget depends on the balance between shortwave and longwave budgets affected by clouds. The cloud radiative effect is also commonly called cloud forcing. Cloud forcing (CF) is calculated from net shortwave and longwave radiative fluxes at the surface and TOA. It is defined as
where F ,z is the net flux (W m
Ϫ2
) in shortwave or longwave radiation at the surface or TOA, is the wavelength, z is the altitude above the surface, and A c is the cloud fraction in the scene. The net flux is equal to the downwelling minus upwelling fluxes. The allwave cloud forcing can be calculated by
Cloud forcing is also influenced by surface and atmospheric conditions such as surface albedo and atmospheric profile. For example, the shortwave cloud forcing will become more negative as surface albedo decreases, even with no change in cloud properties. Figure 10 shows the annual cycle of the shortwave, longwave, and all-wave cloud forcing at the surface. As discussed above, the shortwave cloud forcing is always negative, while the longwave cloud forcing is always positive and follows the annual cycle of cloud fraction. In cold season (October-March) the all-wave cloud forcing is positive, implying a warming effect of the clouds on the surface, while in warm season (AprilSeptember) the all-wave cloud forcing is negative, indicating a cooling effect of the clouds on the surface. On annual average, clouds have a warming effect over Greenland, the North Pole (north of 80°N), the northern Canada Archipelago, the Beaufort and Chukchi Seas, and most of the Laptev Sea as shown partly in Fig.  11 . In winter clouds have a warming effect on the surface almost everywhere over the Arctic region north of 60°N, but in summer the cloud warming effect only holds for Greenland and the western part of the central Arctic region as a result of the high surface albedo.
Summary and conclusions
Over the annual cycle, the Arctic surface temperature varies most for the landmasses and least for the Arctic Ocean. Greenland is the coldest part of the Arctic by virtue of its altitude, with an average surface temperature of -40°C in winter. The average maximum surface temperature of about 20°C occurs during summer in northeastern Russia. The Arctic surface albedo has a maximum value of as large as 90% in the center of Greenland and a minimum value of less than 5% in the GIN Seas during summer. NCEP-NCAR reanalysis data show that atmospheric precipitable water is extremely low in winter at about 0.2 cm and increases to about 1.5 cm in summer.
The Arctic is one of the cloudiest regions on the earth. The annual mean cloud coverage is about 70%. The maximum monthly cloudiness occurs in September at about 75%, and the minimum occurs in April at about 55%. Spatially, Greenland is the least cloudy area of the Arctic, and the GIN seas are the cloudiest. As expected, about 70% of the clouds are in solid phase (ice) in winter, and about the same proportions of the clouds are in liquid phase in summer. Most ice clouds and clouds with large cloud particle sizes do not occur in the coldest month but rather in early spring (March) over the Arctic Ocean. In general, visible cloud optical FIG. 8 . Same as in Fig. 4 , but for annual mean net longwave radiative fluxes at the surface. depth is about 5 ϳ 6 for the Arctic overall. Optically thick clouds occur in transition seasons for every region in the Arctic except the GIN Seas where thick clouds occur in summer. The Arctic cloud-top temperature basically follows the surface temperature variation in space and time. Overall, the cloud temperature is lower than the surface temperature; the difference between them is about 5°C in winter and can be as large as 20°C in summer because of the frequent temperature inversions and less water vapor in winter. In general, Arctic clouds exist at pressure levels of ϳ750-600 hPa except over Greenland where the cloud top pressure is usually between ϳ600 and 450 hPa.
In winter, clouds have a warming effect on the surface almost everywhere in the Arctic north of 60°N, but in summer clouds warm the surface only over Greenland and the western part of the central Arctic. The largest downwelling shortwave radiation occurs in June at the surface, while the largest downwelling and upwelling longwave radiation, as well as the net all-wave radiation, occurs one month later in July. The largest upwelling shortwave radiation occurs in May rather than in June. The largest loss of the longwave radiative energy from the surface to the atmosphere occurs in April, corresponding to the lowest cloud coverage in the same month. In addition, even though this study used the data acquired at high sun time, it is also evident that on annual average, the Arctic north of about 70°N loses radiative energy to space, acting as a heat sink.
